was below 0.01. Finally, antibodies were eluted with 4 M MgCl2 and dialyzed into antibody storage buffer [150 mM NaCl, 10 mM sodium phosphate buffer, 1 mM EDTA, 1 mM NaN3, and 50% (vol/vol) glycerol]. The specificity of purified final antibody was tested in immunoblots ( Fig. S11A ) and brain paraffin section (Fig. S11B ) staining of brain tissue from wild type mice with ABe37f/f; Nestin-Cre mice as a negative control. The Ig concentration for paraffin brain sections and cultured hippocampal neurons was 1µg/ml.
DNA constructs
Full length 440kDa Ankyrin-B cDNA was generated based on a human annotated giant ankyrin-B (ENST00000264366.10). Human Exon37 plus flanking sequence of the cDNA from BstZ17I to BstB1 was synthesized (Genewiz; South Plainfield, NJ) and inserted into the existing human 220kDa ankyrin-B cDNA vector using restriction enzyme digestion. The cDNA of giant AnkB was then cloned into the multiple cloning site of a pre-constructed vector under the ß-actin promotor and C-terminal Halo-tag sequence (gift from Dr. Gary Banker).
Human mutations were introduced using the Quikchange Mutagenesis XL Kit (Agilent, Santa Clara, CA) for point mutations and the InFusion Cloning Kit (Takara Bio, Mountain View, CA) for frameshifts. After the mutation was confirmed by sequencing, a region flanking the mutation was cut by unique restriction enzymes and ligated into the pAB His 440AnkB-Halo plasmid.
EB3-tdTomato is a gift from Dr. Erik Dent (Plasmid #50708; Addgene, Cambridge, MA) and pCAG-GFP is a gift from Dr. Gary Banker.
Quantitative immunoblot and analysis
Mouse brains were dissected, immediately flash frozen in liquid nitrogen and stored at -80 degrees until ready to use. Brains were homogenized for 30 seconds in 9 volume/weight 65 degrees pre-warmed homogenization buffer [8M urea, 5% SDS (wt/vol), 50mM Tris pH 7.4, 5mM EDTA, 5mM Nethylmelanamide, protease and phosphatase inhibitors] and heated at 65 degrees for 15min until the homogenate was cleared. The homogenate was mixed with 5x PAGE buffer [5% SDS (wt/vol), 25% sucrose (wt/vol), 50mM
Tris pH 8, 5mM EDTA, bromophenol blue] and heated for 15min at 65 degrees. Samples were run on a 3.5-17.5% 0.75mm gradient gel in Fairbanks Running Buffer [40mM Tris pH 7.4, 20mM NaAc, 2mM EDTA, 0.2%SDS (wt/vol)]. Gels for in-gel westerns were immediately fixed in 50% isopropanol plus 7% glacial acetic acid for 15min and washed 2x for 10min with dI water. Gels were incubated with primary antibodies (rabbit anti giant ankyrin-B, 1:2000) in 5% BSA (wt/vol) in TBS overnight at 4 degrees. After washing, gels were incubated with secondary antibodies (goat anti-rabbit 800CW, 1:10,000; Licor 926-32211; Lincoln, NE) for 2 hours. Gels were extensively washed with TBST and the final 2 washes were performed in TBS. Gels were imaged on the Licor Odyssey at 0.37mm custom offset.
Quantification for lower molecular weight proteins (not giant ankyrins) was done with traditional immunoblot where gels were transferred onto nitrocellulose membranes (Biorad 1620115; Hercules, CA) overnight at 0.3A at 4 degrees. After transfer, efficiency was determined using Ponceau-S stain. Membranes were blocked using 3% non-fat milk (wt/vol) in TBS for 1 h and then incubated with primary antibodies overnight in blocking buffer at 4°C
(rabbit anti-total ankyrin-b 1:2000; mouse anti-GAPDH (ThermoFisher, MA5-15738). Membranes were washed with 3x for 10min and incubated with secondary antibodies (goat anti-rabbit 800CW, goat anti-mouse 680RD, Licor 925-68070) for 2 hours. Membranes were washed 3x for 10min with TBST and 2x for 5min in TBS. The membranes were then imaged on the Licor Odyssey at 0.00mm offset.
Blots were quantified using the Image Studio Odyssey software to determine the signal of the band. Background was normalized using a similar % acrylamide region of the image. Values were averaged from 3 technical replicates for each biological sample.
Immunohistochemistry and imaging
Immunohistochemistry and imaging were performed as previously described(4). Mice of specified genotypes were transcardially perfused at PND28 or PND60 with 4% (wt/vol) paraformaldehyde (PFA) dissolved in PBS, 5 mM Na EDTA, 10 mM NaNO3 after flushing out blood with PBS, and the brains were immediately dissected and post-fixed in the same fixation buffer overnight at 4 degrees. Brains were then processed for paraffin embedding, microtome cutting, deparaffinization, and immunostaining. Images were collected using 40X/NA1.4 oil or 63X/NA1.4 oil objectives on a LSM780 inverted confocal microscope (Zeiss, Oberkochen, Germany). Z-stacks were collected for thick samples and final images were 3D rendered using Fiji(5).
Hippocampal neuron culture, transfection and immunostaining
Primary hippocampal neurons were prepared as described previously (6, 7) .
Briefly, hippocampi were dissected from genotyped postnatal 1-day old mice, trypsinized, dissociated, and plated onto poly-L-lysine coated 18-mm glass coverslips in pre-conditioned glia feeder dishes (~200,000 neurons/60mm culture dish). Cultures were grown in neurobasal-A medium plus B27 supplement (2%) and GlutMAX® (Thermo Fisher) and maintained at 37°C incubator with a 5% CO2. Constructs were transfected into hippocampal neurons after 3 days of culture with Lipofectamine 2000® (Thermo Fisher) and subsequently fixed with 4% (wt/vol) PFA with 4% (wt/vol) sucrose in PBS for 15min at 37 degrees prior to antibody staining. Fixed neurons were washed with PBS, permeabilized with 0.25% TritonX-100 for 5 min, and then blocked with 5% BSA in PBS for 1 hour. The primary antibodies were diluted in blocking buffer and incubated at 4 degrees overnight. The next day the neurons were washed with PBS, incubated with the appropriate fluorescent secondary antibodies in blocking buffer for 2 h at room temperature. Finally, the neurons were mounted with Prolong® Diamond (Thermo Fisher) onto glass slides and allowed to cure for a minimum of 24 h before imaging by confocal microscopy (Zeiss LSM780 inverted confocal; Oberkochen,
Germany).
Cells expressing constructs with HaloTag were treated with 50 nM JF-549 ® dye(8) for 10 min and washed with PBS for 10 min prior to fixation or imaging.
Taxol treatment of cultured neurons
Cultured neurons were transfected at DIV3 with pCAG-GFP to visualize cell morphology. After recovering for 12 hours, cells were treated with 0.5nM taxol (T1912; Sigma-Aldrich) or DMSO as a control for 12 hours. Cells were fixed at DIV4 and stained with anti-MAP2 antibody before they were imaged as described above. The conditions for the dose of taxol and the duration of treatment were first established in wild-type neurons where the final parameters were found not to alter neuronal morphology.
EB3 comet imaging and quantification
Cultured hippocampal neurons were transfected at 4 days and imaged the next day on the Andor XD Revolution Spinning Disk Confocal microscope (spinning-disk confocal-head: Yokogawa CsuX-1 5000 rpm) equipped with an EMCCD camera. Cells were maintained in live-cell imaging solution® (Life Tech). The whole imaging stage and objectives were maintained at 37°C, 5% CO2 in an enclosure. A 100x/NA1.4 oil U PlanSApo DIC objective (Olympus; Center Valley, PA) was used to acquire image streams of 40 frames (3s interval). For the EB3 running length quantification, MetaMorph® software (Molecular Devices; San Jose, CA) was used to generate maximum intensity kymographs from movies. A blinded reviewer identified transport events on the kymograph and coordinates were exported to Excel for analysis of EB3 running length. A minimum of 10 cells from each condition were evaluated from at least two independent cultures. For the EB3 stack images, a series of images from 40 time points were built using the Z-projection macro in Fiji. The contrast of the stack images was inverted to best display the trajectory of EB3 comets. For EB3 comets quantification, in a 2 minutes time lapse imaging, all EB3 comets that left the main axon tracks or invading to nascent axons are counted and normalized to 100µm of axon length.
Proximity ligation assay and quantification
Protein proximity ligation assay was assessed using the Duolink PLA kit following the manufactory protocol (DUO92101, Sigma-Aldrich). Briefly, in brain sections, slides were deparaffinized as above and processed as outlined by the commercial manual using rabbit-derived antibodies against all isoforms of ankyrin-B or just for giant ankyrin-B, and with a mouse-derived antibody against L1CAM. In cultured neurons, cells were fixed and permeabilized as described above and then processed as outlined in the commercial manual with the same sets of antibodies. The images were collected using a 63X/NA1.4 oil objective on a LSM780 inverted confocal microscopy (Zeiss) for both fluorescent PLA images and bright contrast image to visualize the cell 
Golgi-Cox staining
Golgi-Cox staining was performed on brains from PND28 and PND60 mice according to the manufacturer's suggestions (PK401; FD Neurotech, Columbia, MD). Brains were frozen and stored at -80°C after impregnation with the staining solutions until they were ready for developing and imaging.
Brains were sectioned at 100µm on a cryostat (Leica CM3050 S) and sections were placed onto gelatin-coated slides. After development, sections were 
Electron microscopy
ABe37fs/fs, L1CAM Y1229H hemizygous, and control mice were perfused at PND28 with 2% PFA and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) at room temperature and this was followed by post-fixation in the same buffer at 4°C untill the brains were dissected. Fixed brains were sectioned using a micro slicer to generate ~2mm-thick sagittal sections.
Matching corpus callosum areas of each tissue were further dissected, fixed overnight, sliced and processed by the conventional method of the Duke Electron Microscope Core. Final images were observed with a transmission electron microscope (JEOL 1230 TEM) at the UNC microscopy services laboratory. Distances between microtubules to the nearest axonal membrane in the unmyelinated axons of each genotype were measured manually in Fiji.
For each genotype, two or more biological replicates were examined.
Behavioral Tests
Mice were tested in 4 cohorts with the first including only ABe37fs WT and
Homo. Mice were maintained on a 14:10 h light:dark cycle under humidityand temperature-controlled conditions with ad libitum access to water and chow. All testing occurred during the light phase and mice were acclimated to each behavioral room for at least 24 h prior to testing.
Social Affiliation
Mice were acclimated to the test arena for 5 min. Thereafter, they were exposed to 2 identical non-social stimuli under grated cups for 5 min. Social affiliation was assessed where one of the non-social stimuli was replaced with a young adult female C57BL/6J mouse (age 8-12 weeks). All non-social stimuli were 2.5-3cm 2 . Trials were filmed and analyzed using Ethovision XT 9 (Noldus) where interaction was scored when the nose of the mouse was oriented to and within 3 cm of the stimulus. Stimulus preference was calculated by subtracting the time spent with the social stimulus from time spent with the non-social stimulus and dividing this number by the total time spent with both stimuli. A positive score indicates preference for the social animal, a negative score denotes preference for the familiar stimulus, and scores approaching zero signify no preference for either stimulus. 
Open-field activity

Water-spray test
Animals were individually placed into a clean cage and filmed (MediaRecorder2; Noldus Information Technologies, Ashville, NC). Mice were placed into the test-chamber for 10 min and then were lightly misted with water. Mice were observed for an additional 10 min. Grooming bouts (measured as occurrences of front paw stroking of the body or face or body licking) were scored with TopScan software (CleverSys) by a blinded observer.
Light-dark emergence test
Mice were placed in the darkened side of a two-chambered apparatus (MedAssociates) and given 5 min to explore the darkened (<1 lux) and lighted (~750 lux) chambers. Infrared diodes tracked the location and activity of the animal. Activity in light or dark sides of the box as well as duration in light or dark sides of box were measured.
Novel object recognition test
Novel object recognition memory was conducted to assess short-and longterm memory. Mice were acclimated to the test apparatus for 10 min.
Thereafter, they were exposed to 2 identical objects for 10 min. Short-term memory was assessed 30 min later where one of the identical objects was replaced with a novel shape/color object. After 24 h long-term memory was evaluated where one of the previous objects was replaced with a novel object.
All objects were 2.5-3cm 2 . Trials were filmed and analyzed using Ethovision XT 9 (Noldus) where object interaction was scored when the nose of the mouse was within 3 cm of the object. Object preference was calculated by subtracting the time spent with the familiar object from time spent with the novel object and dividing this number by the total time spent with both objects.
A positive score indicates preference for the novel object, a negative score denotes preference for the familiar object, and scores approaching zero signify no preference for either object.
Morris water maze
Spatial learning and memory were examined in the Morris water maze. Mice were acclimated to water for 4 days prior to testing. One day before testing, mice were placed on a hidden platform in the northeast (NE) quadrant, allowed to freely swim for 20 s, and permitted to return to the platform. In the acquisition phase of the test, mice were administered 4 trials/day in trial pairs with a 30s inter-trial interval and 30 min between pairs for 8 days where they were released at random points in the maze across trials and days. The trial ended after 60 s when the mouse found the platform or was removed from the maze. Probe trials were given on even days where the mouse was allowed to swim for 60 s. Reversal trials were performed for 8 days following acquisition with the platform placement now located in the southwest (SW)
quadrant. Performance on all tests was video-recorded and scored with Ethovision XT 9 (Noldus) according to swim time, swim distance, and swim velocity.
Water T-maze
Mice were acclimated to swimming over the course of 4 days. On day 1 mice were placed into the maze in 0.1-0.5cm water and on day 2 they were in 1-2cm water. On days 3 and 4 mice were placed on a hidden platform and allowed to swim in 10 cm of water for 15 s and were returned to the platform after this time. After water acclimation, mice were housed in the test room for at least 24 h. After this time, one-half of the mice were trained to swim to a hidden platform in the left arm and the other half to a platform in the right arm of the maze. Mice were given 4 consecutive trials a day with a maximum swim time of 1 min. Incorrect arm choices resulted in the mouse being retained initially in the incorrect arm for 30 s, after which the barrier was removed, and the mouse was allowed to swim to the platform in the correct arm. Animals had to reach a criterion of 3 correct choices over 2 consecutive days to advance to the next phase of testing. Here, the location of the platform was reversed, and no punishments were made for the incorrect arm choice. Reversal trials ended either when the mouse successfully found the platform or after 60 s. The number of errors refers to the number of times the mouse entered the arm that did not contain the hidden platform. The success rate of the first reversal trial was calculated if the mouse reached the reversal platform within the 60 s trial period. (Yes=1, No=0). All trials were filmed and analyzed by Ethovision XT 9 (Noldus).
Pup ultrasonic vocalizations
Individual PND7 mice were placed into a cushioned cup in a styrofoam
chamber. An externally polarized condenser microphone was placed 15 cm above the cup and pup ultrasonic vocalizations (USVs) were recorded (10-200 kHz) for 90 s (Avisoft Bioacoustics, Glienicke, Germany). Spectrograms were analyzed with automated whistle tracking parameters (Avisoft SASLab Pro) and confirmed by hand-scoring by a blinded observer. Total number of USVs produced is reported.
Male territory-marking test
The urine-marking open field test was run similar to that described (9) . Males were exposed to wild-type estrous female bedding for 3 days prior to testing.
The open field was lined with paper and with a small amount of the male's own home-cage bedding in the corner. The mouse was allowed to habituate to the arena for 10 min. After this time, the mouse was transferred to a clean cage and the arena was cleaned with all bedding removed. A UV light was used to identify any urine marking and all marks were circled in pencil to.
Subsequently, 15µl of estrous female urine, pooled from 4 estrous females, was spotted into the center of the paper. The male mouse was returned to the arena for 5 min and then removed to its home-cage. The paper was removed, treated with Ninhydrin spray (Sigma), and left to dry overnight.
Papers were scanned, and urine markings were counted by a blinded observer. Image Analysis was performed using a high performance computing (HPC) pipelines for image reconstruction relying on the Berkeley Advanced Reconstruction Toolbox(11); and a pipeline for segmentation(12), regional and voxel-wise statistics using a symmetric brain atlas with 332 regions (13) as refined based on definitions previously used (14) .
AAV virus injection and brain slice imaging
Diffusion tensor estimation and tractography based connectomes and interhemispheric asymmetry were calculated using DSI Studio (dsistudio.labsolver.org/) (15) . 200,000 seeds were randomly placed in the mask brain. Fractional anisotropy was thresholded at 0.07 and the angular threshold was 65°. The step size was 0.03 mm and fiber trajectories were smoothed by averaging the propagation direction with 1% of the previous direction. Region specific analysis was conducted with the same parameters but with 20,000 seeds. R® (https://www.r-project.org/) and MATLAB® (MathWorks, Natick, MA) were used for subsequent analyses. The interhemispheric asymmetry of FA tracts was determined by the absolute difference of paired voxels between the left and right hemisphere normalized by the total track volume (perfect symmetry=0, perfect asymmetry=1). The whole brain analysis is based on tracks generated from randomly placed seeds over all the brain. Cortex analysis is based on tracks seeded in region 1-41. The MATLAB script used to calculate the asymmetry level is available upon request. NaH2PO4, and 10 D-glucose, pH adjusted to 7.4 with HCl and with the osmolality set to ~320 mosM. After 30 min, the slices were left in aCSF at ~22-23°C for at least 30 min before recording.
Whole-cell patch clamp recording
All recordings were performed with a MultiClamp 700B amplifier (Molecular Devices, San Jose, CA). Signals were filtered at 10 kHz and digitized at 20 kHz with a Digidata 1440A digitizer (Molecular Devices). During the recordings, the slice was maintained under continuous perfusion with aCSF at 28-29 °C with a 2-3 ml/min flow rate. After achieving whole-cell configuration (series resistance < 25 MΩ), we recorded the miniature EPSCs (mEPSCs), miniature IPSCs (mIPSCs), paired pulse ratio, and excitability.
To measure excitability, pipettes (3.5-5 MΩ) contained the following (in mM):
150 K-gluconate, 2 MgCl2, 10 HEPES, 1.1 EGTA, 3 Na-ATP, and 0.2 Na-GTP, pH adjusted to 7.2 with KOH with the osmolality set to ~ 315 mosM.
Excitability was measured in current clamp mode by injection of current (-400 to 300 pA). Each step was at 100 pA with a duration of 1 s, and the number of spikes for each depolarizing step was counted.
To measure miniature excitatory postsynaptic current (mEPSC), pipettes were included for analysis.
General statistical analyses
Statistical analyses and graph generation were performed using Graphpad Representative traces of ABe37floxed and ABe22 mouse performance on trial one of reversal in the water T-maze. T-maze in gray; black line shows the trajectory of a mouse from the start box to the arm with the hidden platform (red). All numerical data are presented as means ±s.e.m; ns, not significant. Quantification of primary axon length and dendrite for indicated genotype.
Mean ±s.e.m; one-way ANOVA followed by Dunnett's multiple comparisons test for A, *P <0.05; n>10. Images for 4-days old neurons cultured from ABe37f/f; Nest-Cre mice, which was co-transfected with GFP and gAB-P1843S-halo or gAB-E3429V-halo.
Neurons were incubated with JF549-halo dye for 10-minute prefixation (red).
Yellow asterisks indications the axon branching. The schematic representation of the position of the two human ANK2 mutations are displayed below. Quantification of axon branching was displayed to the left. Mean ±s.e.m; one-way ANOVA followed by Dunnett's multiple comparisons test for A, **P <0.01; ***P <0.001; n>10. Supplementary Tables: Table S1 . Contact duration in the novel object recognition memory and social affiliation tests. 
Novel Object Recognition Memory
